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Abstract
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Several lines of evidence have converged to indicate that memory formation involves plasticity of
dendritic spines in the medial prefrontal cortex (PFC) and the hippocampus. Memory varies with
estrogen levels throughout the lifespan of the female. Generally, increased levels of estrogen are
related to greater dendritic spine density on pyramidal cells in the PFC and hippocampus and to
improved memory function. Brain derived neurotrophic factor (BDNF) is a growth factor which
increases dendritic spines and enhances memory function. Estrogens increase BDNF levels in the
PFC and hippocampus. In the present review we provide evidence that estradiol and BDNF may
work in concert to enhance cognition. In adult females, fluctuations in recognition memory
following ovariectomy and estradiol replacement, during the estrous cycle, in pregnancy and with
aging are accompanied by similar changes in circulating estradiol, BDNF levels and spine density
alterations in the PFC and hippocampus. In addition, both estradiol and BDNF induce spine
plasticity via rapid membrane effects and slower transcriptional regulation via the CREB pathway.
Moreover, estradiol increases BDNF levels through action on nuclear receptors. While the exact
mechanism(s) for the influence of estrogens and BDNF on memory remain unclear, this
combination may provide the basis for new and more effective strategies for treating age-related
and neurodegenerative memory loss.
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1. Introduction
Cognition, i.e. learning and memory, undergoes significant change over the lifespan in both
males and females whether they are humans, non-human primates or rodents. The ability to
learn and remember begins early during the developmental period, is molded by hormonal
influences during puberty, reaches its apex during adulthood and finally declines with
advanced age. In contrast to males, females of all species exhibit significant fluctuations in
cognition related to their reproductive status and to the processes of reproduction. Thus,
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females provide a rich physiologic model system in which to study the influence of
hormones or other factors which may contribute to the maintenance of cognitive function.
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Our laboratory and others have documented cognitive changes in female rodent models in
relation to gonadal status and estrous cyclicity, pregnancy and multiparity, estrapause and
aging (Dohanich, 2002; Frick, 2009; Luine, 2006; Luine, 2008; Luine and Frankfurt, 2012).
Many of these cognitive changes are associated with alterations in the density of synaptic
spines in the dendritic trees of pyramidal neurons located in the prefrontal cortex (PFC) and
hippocampus, areas known to contribute to learning and memory (Churchwell et al., 2010;
Luine et al., 2011; Luine and Frankfurt, 2012, Luine and Frankfurt, in press). The
mechanism by which hormones, predominantly estrogens, cause these changes in brain
morphology and cognitive function are not well understood. Brain-derived neurotrophic
factor (BDNF), which is known to play an important role in development, maintenance and
plasticity of the brain, especially in these regions may ultimately contribute to cognitive
function (Driscoll et al., 2012). Moreover, BDNF also contributes to regulation of neuronal
maturation and survival, axonal and dendritic arborization and the maintenance of dendritic
spine density (Poo, 2001). In this paper, we review evidence for the role of BDNF in
regulating dendritic spine density as one way in which estrogens promote cognition in
female rats and provide a working model for this interaction.
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2. Estrogenic regulation of neural functions
a) Estrogens increase BDNF levels
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The distribution of BDNF within neurons of the basal forebrain-diagonal band region,
hippocampus and frontal cortex suggested that BDNF might serve a prominent role in
cognitive function. An extensive literature now supports this view with many studies
showing effects on learning and memory when BDNF levels are altered pharmacologically
or through gene knockouts (Kiss et al., 2012; Li et al., 2012; Vigers et al., 2012). In addition,
many studies indicate that estradiol regulates BDNF levels in the brain (For review see
Scharfman and MacLusky, 2006). Gibbs (1999), using RT-PCR for BDNF mRNA and
ELISA for BDNF protein levels, reported that two days of estradiol treatment increased
mRNA levels in pyriform cortex and hippocampus of ovariectomized (Ovx) rats, but no
changes were detected in either BDNF protein or mRNA in the frontal cortex or nucleus
basalis; however, increased septal and decreased hippocampal BDNF protein was found.
Singh et al (l995) also found regional differences in estradiol’s induction of BDNF mRNA;
increases by estradiol in Ovx rats were found in hippocampal but not cortical regions. When
Ovx rats received a longer treatment, 8 weeks, with estradiol or soybean phytoestrogens,
BDNF mRNA was increased in the frontal cortex (Pan et al., 1999). Thus, a longer treatment
interval may be required for estrogens to alter BDNF function in the PFC as compared to the
hippocampus. However, discrepancies in published data are present concerning estradiol’s
regulation of BDNF, and it is important to consider whether experiments were performed in
adult or developing subjects or in vitro as such differences could be critical for regulatory
processes. Moreover, as indicated by other reviews in this volume, BDNF levels are subject
to multiple steroid hormone regulators which could complicate expression profiles.
Nonetheless, results of current studies appear consistent with the notion that BDNF is
synthesized in forebrain targets such as the frontal cortex, olfactory bulb and hippocampus,
and retrogradely transported from these areas to the basal forebrain (Jezierski and Sohrabji,
2003). Presumably, BDNF is then released to act post synaptically but pre-synaptic actions
cannot be ruled out (see section 3 for further discussion). A more in depth discussion of
BDNF regulation by estradiol can be found in Carbone and Handa (2012, this volume). In
the hippocampus, progesterone treatment following estradiol treatment reversed the estrogen
dependent increase in BDNF (Gibbs, 1999). Bimonte-Nelson et al. (2008) and EnglerChiurazzi et al. (2011) demonstrated that estradiol or Premarin (a commonly used hormone
Neuroscience. Author manuscript; available in PMC 2014 June 03.
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replacement drug which contains a mixture of estrogens) treatments for 16 days increased
BDNF (also NGF and NT3) levels in the entorhinal and perirhinal but not the PFC and that
progesterone reversed this change in Ovx 13 month old rats (Bimonte-Nelson et al., 2004
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Over the estrous cycle (4–5 days), gonadal hormones wax and wane in adult, female rats.
Estradiol increases in late diestrus and peaks in proestrus at which time progesterone
secretion synergizes with estradiol to stimulate ovulation and sexual behavior. Working with
Scharfman, we developed a low dose estradiol paradigm (three doses which were given at
8:30 AM and PM and the following morning at 8:30 AM to Ovx rats) which simulates this
pre-ovulatory estrogen surge (Scharfman et al., 2007). Fig. 1 shows hippocampal BDNF
levels in Ovx females and in Ovx females 4 h after receiving the last estradiol injection. As
shown in either the Ovx subject (Fig 1A) or the Ovx subject receiving estradiol (Fig 1B),
BDNF expression is highest in the mossy fiber pathway. Overall, pyramidal neurons in CA1
region show less BDNF than dentate neurons, but a significant increase in expression is seen
in both areas following estradiol treatment. This increase is presumably a reflection of
increased synthesis of BDNF in CA3 pyramidal cells which is anterogradely transported to
Schaffer collateral nerve terminals. This pattern of estrogen-dependent increases in BDNF
expression in response to estradiol treatment is similar to that found in the intact rat on
proestrous morning (Scharfman and MacLusky, 2006). Thus, BDNF levels show a
remarkable upregulation with estradiol treatment or on proestrous morning when estradiol
levels are also high. This study (Scharfman et al., 2007) extended previous studies in which
it had been demonstrated that Ovx decreased BDNF mRNA in the rat hippocampus (Liu et
al., 2001; Pan et al., 1999; Solum and Handa, 2002) and estrogen treatment restored it
(Berchtold et al., 2001; Singh et al., 1995). Increases in BDNF protein or mRNA by
estradiol were consistent with an earlier demonstration that the gene encoding BDNF
contained an estrogen response element (ERE) (Sohrabji et al., 1995) which provides a
mechanism for estrogen’s influence on BDNF levels. This mechanism is shown in Fig. 2A
where circulating estradiol enters the cell nucleus and binds to an ERE on the BDNF gene
which leads to an increase in BDNF levels.
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Estrogens also influence expression of BDNF’s receptors, tyrosine kinase receptor A and B
(TrKA and TrKB) which are present in the membrane of some neurons (See Fig. 2B). Ovx
rats given estradiol show increased TrKB (Spencer et al., 2008), and estradiol or
phytoestrogens, given for 12 weeks, increase TrKB mRNA levels in the hippocampus (Pan
et al., 2010). Recently Spencer-Segal, et al. (2012) demonstrated that estradiol’s effects on
TrKB were abolished in estrogen receptor (ER) knockout mice. Interactions with
GABAergic neurons may contribute to estrogenic regulation of BDNF in the PFC (BlurtonJones and Tuszynski, 2006). While consensus in the literature is lacking and the exact
mechanisms remain unclear, a preponderance of studies show that estradiol alters mRNA for
and protein expression of BDNF and its receptor TrKB throughout the basal forebrain, and
therefore, increased BDNF could exert powerful effects on function, including learning and
memory, within the basal forebrain and its targets.
b) Estrogens increase dendritic spines
Since the seminal observation by Cajal that most neurons have dendrites that are covered
extensively by spines, it has become increasing evident that dendritic spines are critically
important mediators of neural plasticity (reviewed by Urbanska et al., 2012). Indeed, the
number and type of dendritic spines in many brain areas fluctuate in response to a myriad of
stimuli (reviewed by Bourne, and Harris, 2008; Leuner et al., 2003; Frankfurt et al., 2009;
Luine and Frankfurt 2012). In the hippocampus and medial PFC there is increasing evidence
that the mechanism(s) underlying learning and memory involve dendritic plasticity. In the
hippocampus, which is critical to short-term memory, the acquisition of new memories in a
conditioning paradigm is associated with increases in dendritic spine density in the CA1
Neuroscience. Author manuscript; available in PMC 2014 June 03.
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region in adult male rats (Jedlicka et al., 2008; Leuner et al., 2003) and female rats (BeltranCampos et al., 2011). In addition, evidence shows that existing spines undergo structural
alterations that result in LTP (Jedlicka, et al., 2008; Leuner et al., 2003).
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In over twenty years of study, it has been clearly demonstrated that estrogens increase
dendritic spine density in many brain regions (See McEwen and Alves, 1999). In adult
cycling female rats, fluctuations of approximately 30% occur in dendritic spine density on
neurons in the ventromedial hypothalamic nucleus (VMN) (Frankfurt, et al.,1990) and
pyramidal cells in the CA1 region of the hippocampus (CA1) (Woolley and McEwen, 1992;
Smith et al., 2010; Velazquez-Zamora et al., 2012b). In both regions, dendritic spine density
is greatest when estrogen levels are highest on proestrus. When adult female rats are Ovx,
there is a decrease in dendritic spine density in the VMN (Frankfurt, et al., 1990), CA1
(Gould et al., 1990, Wallace et al., 2006) and the medial PFC (Wallace et al., 2006).
Administration of estradiol to Ovx rats restores the levels of dendritic spines in the VMN
(Calizo and Flanagon-Cato, 2003, Frankfurt, et al., 1990), CA1 (Gould et al., 1990; Smith et
al., 2010) and the amygdala (de Castilhos et al., 2008; Rasio-Filha, et al., 2012). In mice,
five days of estradiol treatment to Ovx subjects increased mushroom shaped spines in CA1
(Li et al., 2004). Similar results have been obtained in non-human primates for CA1
(Hajszan and Leranth, 2010) and the PFC, where estradiol has been shown to increase both
dendritic spines and spine synapse density in monkeys (Hajszan et al., 2007a, 2007b;
MacLusky et al., 2005).
Recent studies have shown that estrogens can rapidly, within minutes, increase spine density
in the brain. Ovx rats received 20μg/kg 17β-estradiol and were sacrificed 30 min later for
spine density measurements (Inagaki et al., 2012). In pyramidal cells in CA1 and the medial
PFC, spine density increased 30 minutes after estradiol administration (Fig. 3A). In CA1,
17β-estradiol increased basal spine density by 29% compared to control but did not alter
apical spine density. In the PFC, 17β-estradiol administration resulted in a 16% increase in
apical and a 27% increase in basal spine density as compared to control after 30 minutes. In
the rat arcuate nucleus, an area involved in reproductive function, administration of 50 μg of
estradiol benzoate resulted in a large increase in dendritic spines after 4h that persisted
through 48h (Christensen et al., 2011).
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Consistent with these in vivo results, Srivastava (2012) demonstrated that administration of
WAY-0700, an ERβ agonist, induced an increase in spinogenesis, as well as an increase in
spine size within 30 minutes in cortical cell cultures. A concomitant increase in PSD-95 was
also observed in these cells after 30 minute exposure to WAY-0700. Studies using
hippocampal slice cultures confirmed that estradiol increases the expression of PSD-95 in
the stratum lucidum of CA3 neurons and increases spine density at proximal sites of CA3
apical dendrites where PSD-95 was clustered on these spine heads (Sato et al., 2007). When
cultures of Ammon’s horn neurons and DG neurons were used, estradiol increased the
number of presynaptic sites in the cultures that contained DG neurons. The drug K252a, an
inhibitor of the TrKB receptor, suppressed the estradiol dependent increase in BDNF release
but the estrogen receptor antagonist did not. Overall, these data suggest that estradiol
induces synaptogenesis between the mossy fibers and CA3 neurons by enhancing BDNF
release from DG granule cells in an ER-independent manner. However, this result does not
preclude action of estradiol on membrane receptors to alter BNDF release (see below). Thus,
a broad range of in vivo and in vitro studies have shown that acute and chronic exposure,
from min to months, to circulating estrogens are accompanied by alterations in dendritic
spine density.

Neuroscience. Author manuscript; available in PMC 2014 June 03.
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As part of a family of nerve growth factors which bind to TrKB and other receptors, both
BDNF and TrKB have been shown to be important modulators of synaptic plasticity and are
critical to the development of the CNS (Cohen-Cory et al., 2011; Poo, 2001). Experiments
have also demonstrated that BDNF is required for the maintenance of dendritic spines in the
adult CNS (Vigers, et al., 2012). In addition LTP, which requires alterations in spine
strength, also requires BDNF (Kiprianova et al., 1999; reviewed by Santos et al., 2010).
Plasticity of dendritic spines includes both the generation of “new” spines and the process of
maturation from thin filipodial projections to more complex structures that can make
synapses (reviewed by Ziv and Smith, 1996). This gradual process requires the mobilization
of many proteins, especially the reorganization of actin (reviewed by Penzes and Rafalovich,
2012), which is highly concentrated in dendritic spines (Matus et al., 1982) and actin
associated proteins which extend into the post synaptic density (reviewed by Fortin, et al.,
2011).
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Many experiments have shown that BDNF–TrKB signaling can influence dendritic spine
and synapse density in cortical and hippocampal neurons (Cohen-Cory, 2010; Gottmann et
al., 2009; Yoshii and Constantine-Paton, 2010). BDNF-TrKB signaling increases dendritic
spine density on the apical dendrites of pyramidal cells in CA1 (Tyler and Pozzo-Miller
2001). Tyler and Pozzo-Miller (2003) also demonstrated that BDNF shifts the proportion of
spine types towards the thin and mushroom-shaped spines in hippocampal slice cultures.
However, in a recent study, Chapleau and Pozzo-Miller (2012) demonstrated that the TrkB
inhibitor K-252a actually increased dendritic spine density in CA1 but that the spines were
of the thin, immature highly unstable variety. The authors conclude that BDNF plays an
important role in overall spine turnover or pruning of immature spines and that requires the
activation of the TrkB, but not the p75NTR receptor.
How does BDNF increase dendritic spines? It appears that BDNF mediated effects on
dendritic spines occur through both rapid membrane effects and slower transcriptional
regulation via the CREB pathway (See Figure 2). Binding of BDNF to the TrKB receptor
results in the activation of several pathways including the Ras/ERK (extracellular signalregulated protein kinase), the PI3-K (phosphatidylinositol 3-kinase) and phospholipase C-g
pathways (Kelly and Lynch, 2000; Horwood et al., 2006; see Santos et al., 2010 for review).
Alonso et al. (2004) have shown that the increase in dendritic spine density by BDNF
requires ERK activation after binding to the TrKB receptor.
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Estrogen’s trophic effects on dendritic spine density and memory appear to be due to both
membrane mediated and genomic effects (Figure 2). Although there are differences between
the amygdala and other brain areas in terms of estrogen effects on dendritic spine density, a
comprehensive review by Rasio-Filho et al. (2012), supports the idea that the
neuroprotective effects of estrogen are mediated by the generation of CREB related gene
products as well as estrogen induced alterations in signal transduction that result in
manipulation of the cytoskeletal proteins involved in spine plasticity. Estrogen has been
shown to stimulate the assembly of actin as well as associated proteins important to spine
plasticity (Sandstrom and Williams, 2001; Srivastava, 2012). Using hippocampal slices,
Kramar et al., (2009) found that 20 minute administration of estrogen promoted the
assembly of actin by decreasing cofilin, a protein responsible for separating actin polymers.
Further, estrogen effects on cofilin appear to be due to the activation of the RhoA pathway,
and Ovx depressed RhoA activity and spine cytoskeletal plasticity. Administration of 10ug
of estradiol benzoate increases CaMK IV in the amygdala (Zhou et al., 2001), which can
phosphorylate CREB.

Neuroscience. Author manuscript; available in PMC 2014 June 03.
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Thus, a great deal of data supports the idea that estrogen and BDNF can alter dendritic spine
density through both rapid membrane mediated second messenger systems and via genomic
mechanisms. It is likely that in some brain regions estrogen and BDNF converge to alter
dendritic spines in the same cell and that they may amplify one another. However it is
equally likely that there are differential effects of estrogen and BDNF on dendritic spines,
especially given that BDNF is transported through nerve cells. Therefore another important
question that remains is whether the effects of estrogen and BDNF are pre – or post
synaptic.

4. Cognitive function – a role for estrogen acting through BDNF and
spines?
a) Cognitive Function and estrogens
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A substantial literature demonstrates that gonadal hormones, mainly estradiol, influence
cognitive function during development, at adulthood and during aging in rodents (Dohanich,
2002; Frick, 2009; Luine, 2008; Luine et al., 2011, Luine and Frankfurt, 2012; Luine and
Frankfurt, in press) and in humans (Sherwin, 2007). In rats, spatial memory tasks have been
widely used in many cognitive studies, including those utilizing estradiol. These tasks test
both learning and memory. Spatial memory tasks rely on rats making relationships between
a reinforcement site and cues in the environment, hence their designation as spatial learning.
The reinforcement could be food hidden in a cup (radial maze) or a submerged platform in a
pool of water on which to escape (water maze), and cues are usually objects, posters and
furniture in the testing room. Spatial memory depends on an intact hippocampus, but also
relies on input from cortical sites including the prefrontal, entorhinal and perirhinal cortices
(Broadbent et al., 2004; Ennaceur and Aggleton, 1994; Ennaceur et al., 1997). Other tasks
such as object recognition and conditioned avoidance or tasks using visual or olfactory cues
are more dependent on cortical areas and less dependent on the hippocampus and are
commonly referred to as non-spatial memory tasks (Ennaceur et al., 1997). The results of
research using radial arm mazes, water mazes, recognition memory tasks and avoidance
tests all show that estradiol enhances cognition. In this review, we discuss estrogen’s effects
on BDNF and spines in relation to both spatial and non-spatial memory.
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Estrogen’s influence on learning and memory, similar to its reproductive effects, occurs
through binding to classical nuclear receptors. There are two nuclear estrogen receptors,
estrogen receptor alpha (ERβ) and estrogen receptor beta (ERβ), present in the brain with
somewhat different distributions (Kuiper et al., 1997). Both receptors are ligand dependent
transcription factors which act as nuclear transcription factors by binding to estrogen
response elements (ERE) on DNA and stimulating transcription. Transcription culminates in
expression of unique proteins and factors in many tissues including the brain (Fig. 2A). A
wealth of data shows that ERβ mediates effects on memory but a role for ERβ cannot be
discounted (Luine and Frankfurt, in press). Genomic actions in the nucleus result in long
lasting and sustained effects on neural function. In adult females, genomic effects most
likely underlie changes in neural functions that occur during the menstrual and estrous
cycles, pregnancy, menopause and aging.
Receptor(s) for estrogens are also present outside of the cell nucleus in the membranes of
neural cells as well as in peripheral estrogen target tissues (Blaustein, 1992; Milner et al,
2001; Towart et al, 2003 and Fig. 2B). Membrane receptors mediate rapid hormonal effects
(sec to min) through signal transduction pathways (See Levin, 2002] for review of early
work on the topic). Estrogens can also enhance memory through actions at membrane
receptors (Inagaki et al., 2010; Inagaki et al, 2012; Luine and Frankfurt, 2012). The
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recent review (Luine and Frankfurt, in press), remains to be determined.
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Thus, estrogen effects can be rapid and short-lived as well as delayed in onset and long
lasting. Later in this review, we will consider both genomic and non-genomic mechanisms
that may underlie estrogen’s effects on BDNF and spines and their involvement in cognitive
function.
(b) Relation of BDNF and spines to estrogen dependent changes in cognition in adult
females
As discussed in section 2, estradiol regulates BDNF levels and spine density in the
hippocampus and medial PFC, areas critical for memory formation, and also influences
memory. Thus, these neural functions vary with changes in estradiol levels. However, a
major unanswered question remaining is whether these variations are causal or simply
represent parts of the constellation of estradiol-induced changes in the brain with no
relationship to one another. The next sections review the relationship(s) between these
variables in adult female rats in an attempt to shed light on the question.
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(1). Changes in memory, BDNF and spines over the estrous cycle and
following estradiol treatments—The low dose estrogen treatment paradigm
(Scharfman et al., 2007), which simulates the rise of estradiol on proestrus and also
increases hippocampal BDNF, was used to assess estrogen effects on recognition memory.
In Ovx subjects, estrogen treatment enhanced object recognition (Fig. 4A) and spatial
memory in the object placement task (Fig. 4B). In both tasks, estrogen treatments did not
increase initial exploration of objects by subjects, but treatments did increase the amount of
time that rats spent exploring new objects or objects in new locations 2–4 h after the initial
exploration trial. This result shows better memory in estrogen treated as compared to Ovx
rats. Longer treatments, two days, with higher doses of estradiol, 50 ug/kg, also enhance
object recognition and placement memory (Jacome et al., 2010), and Velazquez-Zamora et
al., (2012a) showed that estradiol or selective estrogen agonists enhanced allocentric
working memory in the Y-maze when given to Ovx rats 24 h earlier.
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Estrogens appear to enhance memory following acute as well as chronic treatments. In a
series of experiments, we gave various estrogens - estradiol, diethylstilbestrol and estrogen
receptor specific agonists - immediately after a sample trial, and recognition memory (both
object and place recognition) was tested 2–4 h later (Inagaki et al., 2010; Inagaki et al.,
2012; Jacome et al.; 2010, Luine et al., 2003). As shown in Fig. 3B, both 17α-E2 and 17βE2 enhanced object placement memory. If injections are delayed until 45 min after the
sample trial, then subjects cannot significantly discriminate in recognition memory tasks
(Inagaki et al., 2010). Thus, estradiol must be present during the memory consolidation
phase in order to enhance memory. This time course for memory activation is similar to the
time course for the increase in spines in the PFC and CA1 (Fig. 3A). The ability of both
isomers of estradiol to enhance memory suggests estrogen action at membrane receptors
because the dose of 17α-E2, 5 μg/kg, is too low to activate nuclear receptors.
The ability of female rats to perform memory tasks such as the water maze task (Frick and
Berger-Sweeney, 2001), object placement (Frye et al., 2007) and object recognition (Walf et
al., 2006) changes over the estrous cycle. In general, performance is best on late diestrus or
proestrus when estrogen levels are high. We recently showed that object recognition
fluctuates over the estrous cycle with subjects significantly discriminating between novel
and old objects, i.e. remembering the old object, only on proestrus (Inagaki et al., 2012).

Neuroscience. Author manuscript; available in PMC 2014 June 03.
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Thus, both estradiol treatments and high levels of estradiol on proestrus are associated with
increases in hippocampal BDNF and enhancements in memory in rats. As indicated earlier,
dendritic spines in a number of brain areas are increased on proestrus and following
estradiol treatments. In addition, Li et al. (2004) reported that 1 ug/day of estradiol for 5
days, the same dose of estradiol that increases spine density in CA1, also enhances place
memory, and Velazquez-Zamora et al. (2012a) showed that estradiol increased spine density
in layer III of the PFC at the same dose which enhanced allocentric working memory in the
Y-maze. However, in previous experiments spine density in the memory-tested subjects
after chronic estrogen treatments was not assessed. Therefore, we determined whether two
days of estradiol treatment to OVX rats results in enhanced spatial memory and increased
spine density in brain regions as compared to Ovx rats. Given that learning or memory
might alter spine density, we included a non-behaviorally tested group as well. Ovx rats
received vehicle or estradiol for two days and behavioral tests for object placement or only
vehicle and estradiol treatments. Fifty-two hours after the last estradiol injection and
immediately following object placement testing, subjects were sacrificed (Non-behavior
subjects were sacrificed at the same time after estradiol or vehicle injection). Fig 5A shows
spine density and Fig 5B shows object placement tests in the subjects. For spine density,
statistical analyses by ANOVA indicated significant main effects of area and treatment but
not behavior. Therefore, spine density for the behavior and non-behavior groups was
combined in Fig 5. Consistent with previous studies in non-behaviorally tested subjects
(Frankfurt et al., 1990; Gould et al., 1990) estrogen increased spine density in basal, but not
apical, dendrites of CA1 and in the VMN of the hypothalamus of estrogen treated Ovx rats.
No changes in either dendritic tree of PFC pyramidal neurons were seen following estradiol
treatment. The estrogen treated Ovx subjects showed better object placement memory than
vehicle treated subjects (Fig 5B). The observation that spine density was not altered in PFC
after estradiol treatment suggests that estrogen induced enhanced spatial memory may not
rely on changes in spine density in this area. Another possibility is that the total number of
spines may not change but that the spine type may be altered. However, we have found that
object memory is impaired and PFC spine density is decreased 7 weeks after Ovx (Wallace
et al., 2006 and see next paragraph). Taking together results from the current study with the
previous Ovx study suggests that spine density in the PFC maybe related to long term
changes in memory such as after OVX rather than after a few days of altered estradiol
levels. In contrast, spines in CA1 may be important for both short and long term changes in
memory induced by estradiol. The increased spine density observed in the VMN after
estradiol treatment is related to estradiol’s well-documented maintenance of reproductive
function (Frankfurt et al., 1990).
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Consistent with the neural and behavioral observations described in cycling or hormone
treated females, Ovx (which lowers circulating levels of estrogens) impairs memory and
decreases spine density and BDNF levels as compared to gonadally intact rats. For example,
we assessed the effects of Ovx on object recognition, object placement and spine density in
the PFC and hippocampal sub-regions (Wallace et al., 2006). Prior to Ovx, rats could
significantly discriminate between old and new objects and between objects in new and old
locations when tested 4 hours after first viewing the objects. One week after surgery, the
Ovx group showed impaired object recognition memory, i.e. were unable to discriminate
between old and new objects while gonadally intact females continued to discriminate
(Wallace et al., 2006). In contrast, place memory was not affected, but by four weeks postOvx, rats could not significantly discriminate between old and new locations. These results
suggest recognition memory may be more sensitive to ovarian steroid effects than spatial
memory since performance of object recognition was lost faster after Ovx. The subjects
were sacrificed 7 weeks post Ovx and brain morphology was analyzed following Golgi
impregnation. In the PFC and CA1 (but not CA3), Ovx females had lower spine density in
both apical and basal dendrites than intact rats, ranging from 17% decreases in apical CA1
Neuroscience. Author manuscript; available in PMC 2014 June 03.
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to 53% decreases in apical PFC. Thus, impaired memory in the Ovx subjects, as compared
to the gonadally intact subjects, was associated with lower spine density in the hippocampus
and PFC. A time course documenting loss in spine densities after Ovx would provide further
information as to the relationship between estrogens, BDNF and spine density. Similar
effects on spine density have been reported by Beltran-Campos et al (2011) who found that
CA1 apical dendrite spines were 55% lower in Ovx as compared to intact rats. Moreover,
the Ovx rats were impaired in learning the location of the platform in the Morris Water
Maze spatial memory task. Also consistent with these observations, phytoestrogens, present
in soy meal and used in laboratory rat chow, influence spine density in the PFC and
hippocampus and memory. Ovx rats fed a high phytoestrogen diet for two months had
greater spine density in CA1 and the medial PFC, 48% and 20% higher respectively, than
rats on the low phytoestrogen diet (Luine et al., 2006). Rats receiving the high phytoestrogen
diet also performed better on object placement but not object recognition. As indicated in
section 2(a), Ovx decreases BDNF, and estradiol or phytoestrogens increase BDNF.
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In conclusion, there is a strong association between circulating estradiol levels, BDNF levels
and spine density in the hippocampus and memory: when estrogen levels are high
(proestrous day of estrous cycle), when estrogen is given to Ovx rats, or when gonadally
intact rats are compared to Ovx rats, BDNF levels and spine density are higher, and spatial
and non-spatial memory is enhanced. The relationship between changes in spines and
memory is less clear in the PFC. Long, but not short, term changes in circulating estradiol
lead to similar changes in BDNF, spines and memory. Yet, estradiol induced changes in
PFC BDNF levels show the same temporal relationship as the spine changes. Two days of
estradiol did not alter BDNF mRNA or protein in the PFC (Gibbs, 1999) but an eight week
treatment of estradiol or phytoestrogens increased PFC BDNF levels (Pan et al., 2010).
Likewise, two days of EB treatment did not alter spines in the PFC (Figure 5), but long-term
phytoestrogen treatment increased spine density (Luine et al, 2006). Estrogens also acutely
enhance PFC spines and recognition memory (Figure 3; Inagaki et al, 2010; 2012), but PFC
BDNF has not been measured under these conditions. Nonetheless, because short-term EB
treatments enhance recognition memory without changes in spines or BDNF, it is difficult to
ascribe a direct role for PFC BDNF or spines in enhancing memory. Because the PFC has
received much less investigation than the hippocampus in relation to these variables, future
experiments may provide a better understanding of whether BDNF and spines in this area
contribute to all or only some aspects of estrogen’s enhancement in recognition memory.

NIH-PA Author Manuscript

(2) Changes in estradiol, memory, BDNF and spines over the female life cycle
—At the end of pregnancy, circulating estrogens rise and remain at the highest levels
exhibited over the lifespan of females; estrogens remain elevated for many days following
parturition (Watson et al., 2010). Dams have higher levels of dendritic spines in both apical
and basal branches of pyramidal cells in CA1 and the medial PFC, 20 days after parturition,
when compared to virgin females (Kinsley, 2006). Toward the end of pregnancy, gestation
days 16–18, dams also show enhanced object placement memory as compared to nonpregnant females (Macbeth, et al., 2008a). Levels of BDNF have not been measured in
pregnant rats, but both BDNF and recognition memory have been compared in multiparous
females (underwent 5–6 pregnancies and rearing bouts) and nulliparous females (virgins)
(Macbeth et al., 2008b). Multiparous females had better object and place memory than
nulliparous females. In addition, BDNF levels were approximately two times higher in CA1
and septum of the multiparous as compared to the nulliparous females. No changes were
found in CA3 or DG, and PFC was not measured. Thus, pregnant and repeatedly pregnant
rats show a convergence of elevated estradiol, dendritic spines, and BDNF along with
enhanced recognition memory.
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With advanced age, females (and males) show a decline in most aspects of cognitive
function (See Frick, 2009 for review) and a convergence of changes in properties previously
discussed including reduced circulating estradiol, lowered levels of BDNF and decreased
dendritic spine density. Specifically, estrous cyclicity is lost beginning around 12 months of
age, and estradiol gradually declines to approximately 20% of the level in proestrus rats at
21 months of age (Luine et al, 2011). Compared to young adult rats (2 – 4 months old),
object (Wallace et al, 2007) and place memory (Luine et al, 2011) is impaired, and spine
densities are reduced by 16% in apical, but not basal, dendrites in both CA1 and PFC;
density was not altered in CA3 (Wallace et al, 2007; Luine et al, 2011). In addition, BDNF
is decreased in the hippocampus and frontal cortex in 24 month old as compared to 4 month
old rats (Bimonte-Nelson et al, 2008).
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Middle aged rats (12–14 months of age) are often used as a model of aging in order to
explore the effectiveness and the mechanisms of various hormone replacement regimens for
menopause, and these results are pertinent for possible BDNF changes. Kiss et al., (2012)
compared the effects of estradiol treatment for 18 days to 3, 7 and 12 month old Ovx rats.
Spatial memory on the Morris water maze and hippocampal BDNF was increased in all age
groups by the estradiol treatment. Premarin was given to 13 month old rats for 16 days, and
enhanced memory on the water radial arm maze was reported (Engler-Chiurazzi et al.,
2011). While Premarin increased BDNF in the perirhinal cortex, no changes were found in
the prefrontal cortex or hippocampus. Kramar et al. (2012) reported that BDNF, applied
acutely to the hippocampus, or an ampakine, given for 4 days to elevate hippocampal BDNF
levels, restored LTP and actin polymerization in middle aged Ovx rats. Thus, beginning at
middle age and extending through old age, comprised hippocampal memory functions
appear related to declines in both spines and BDNF in the hippocampus and PFC.

5. Are E and BDNF additive, synergistic, or not convergent in enhancing
memory?
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As shown schematically in Fig. 2B, both BDNF and estrogen alter proteins involved in spine
assembly and maturation. BDNF effects are mediated via TrKB receptors while estrogen
effects are mediated by membrane and intracellular ERα and ERβ receptors. Both estrogen
(Scharfman and MacLusky, 2006; Zhou et al, 2005) and BDNF activate CREB (Poo, 1999;
Raisa-Filho, 2012; Yoshii and Constantine-Paton, 2010). Thus, estrogens and BDNF could
be additive or synergistic in increasing spines and memory function through a common
action on CREB. In addition, there is increasing data that estrogen’s trophic effects on
dendritic spines may be mediated by an increase in BDNF (Fig. 2A) which then causes
increases in spines and memory. Administration of 10μg of 17β-estradiol benzoate or
vehicle to Ovx rats for 2 weeks increased the levels of BDNF, CaMK IV and pCREB in the
CA1 and CA3 regions of the hippocampus (Zhou, et al, 2005). Comparison of the effects of
a single 5μg dose of estradiol benzoate for 6h and 2 doses given for 48h reveals that there
are differential effects on proteins implicated in synaptic plasticity (Spencer-Segal et al.,
2012). Six hours after estradiol administration there was an increase in pAKT in the
hippocampus, but it took 48h for TrKB to be increased. Since spines are increased within 1–
4h of estrogen administration (Christianson et al., 2011; Inagaki et al., 2012;), the change in
TrKB levels maybe too late to mediate spine changes. On the other hand, increases in BDNF
could alone intensify estrogen’s effects. Both of these effects were eliminated in estrogen
receptor alpha and beta knockout mice indicating that both receptors are at least active in the
modulation of estrogen induced synaptic (Spencer-Segal et al., 2012). Estradiol increases the
expression of BDNF in the developing cerebellum and promotes spinogenesis in purkinje
cells (Haraguchi et al., 2012). This effect is blocked by tamoxifen and is decreased in
cytochrome P450 aromatase knock-out mice which have decreased estradiol levels. The
increased expression of TrKB receptor by estradiol in cultured hypothalamic neurons is
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blocked in cultures in which TrKB induction is blocked with an TrKB antisense nucleotide
(Carrer, et al., 2003). In addition, immune-blotting of E2-treated cultures showed increased
levels of phosphorylated ERK1 and ERK2, suggesting MAPKs involvement in the estrogen
induced increase in TrKB. It is important to consider that estrogen dependent increases in
memory (Inagaki et al., 2010) and spine synapses (MacLusky et al., 2005) are extremely
sensitive to estrogen levels and exhibit a sharp inverted U shaped dose-response curve.
Thus, dose and timing appear to influence the mechanism of estrogen action and therefore
may be responsible for some of the apparent differences found in the expression of spines
and BDNF in response to estrogen.
Overall, the exact mechanism(s) for enhancements of dendritic spines and memory by
estrogens and BDNF are unclear. Further research to delineate the mechanisms is important
because cognitive function declines with normal aging and is precipitously comprised in
neurodegenerative diseases. Current treatments for enhancing cognition are largely
ineffective; thus, new strategies based on estrogen, BDNF or, more likely, their combination
might provide better therapeutic outcomes.
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Estrogens increase BDNF levels, dendritic spine densities and enhance memory
BDNF increases spine densities and enhances memory
Reproductive and age related memory changes are associated with altered estradiol,
BDNF and spines
Estrogens and BDNF may work in concert to enhance memory
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Figure 1. Physiological levels of estradiol increase BDNF expression in Ovx rats

(A) BDNF immunoreactivity in a coronal section through the dorsal hippocampus in an Ovx
rat treated with vehicle. (B) BDNF immunoreactivity in a section from an Ovx rat treated
with estradiol doses that mimic proestrous levels. BDNF expression throughout the
hippocampus is increased in estrogen-treated rats and BDNF expression is highest in mossy
fibers (MFs; arrows) and the inner molecular layer (IML, single arrow in B). DG, dentate
gyrus. Figure from Scharfman et al, (2007); reprinted by permission from Blackwell
Publishing, Ltd.
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Figure 2. Schematic mechanisms for estrogen and BDNF dependent increases in spines and
memory
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(A) Circulating estrogens enter the cell nucleus where they can bind to two types of
receptors, ERα and ERβ. The complexes act as nuclear transcription factors by binding to
an estrogen response element (ERE) on the BDNF gene on DNA and stimulating
transcription which leads to increases in BDNF. Increased levels of BDNF are associated
with increased spines and memory.
(B) Shown on the left side, circulating estrogens can bind to membrane receptors, ER, and
through membrane-mediated signaling activate cellular kinase cascades including the
extracellular signal-regulated kinase/mitogen-activated protein kinase (Raf/ERK),
phosphatidylinositol 3-kinase/Akt (P13-K) and inositol triphosphate (IP3) pathways which
then activate transcription factors through CREB (cAMP response element-binding) and
thereby increase or decrease the transcription of downstream genes, including the BDNF
gene. Increased transcription of actin (a filament protein in spines) and Rho (Ras homolog
gene family, member A), a small GTPase protein known to regulate the actin cytoskeleton,
and decreased transcription of cofilin (a family of actin-binding proteins which disassembles
actin filaments) leads to increased spines and memory. Shown on the right side, BDNF can
initiate a similar cascade resulting in increased dendritic spines and enhanced memory by
signaling through its membrane receptor, TrKB.
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Figure 3. Acute estrogen treatments increase spine density and enhance place memory
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(A) Spine density is shown in areas of brain from Ovx rats at 30 min after treatment with
corn oil (OVX) or 20 μg/kg of estradiol. Entries are mean ± SEM. ** p < 0.01, * p < 0.05.
Data from Inagaki et al. (2012).
(B) Object Placement (OP) is shown after treatment with estrogens. The % time with the
object at new location is plotted. Scores of 50% indicate chance exploration of old and new
objects while a higher % indicates significant discrimination between objects in the old and
new locations. OVX rats received a 3 min. sample trial followed by injection of corn oil
(OVX), 5 μg/kg, 17α-E2 or 20 β-E2, and memory (recognition/retention trial) was tested 4 h
later. ** p < 0.01. Data from Inagaki et al. (2012).
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Figure 4. Physiological replacement of estrogen improves performance on object place and
object recognition. Exploration of objects (sec) is shown during T1 sample trials and during T2
recognition/retention trials in Ovx rats given three vehicle injections (V-V-V) or three injections
of estrogens (3–4–3, to simulate the proestrous rise of estradiol)

A. Object Placement - Estrogen treated rats did not spend more time exploring in T1 than
vehicle treated rats but spent significantly more time exploring objects in new locations in
T2 while vehicle treated rats did not, p < 0.05.
B. Object Recognition - Estrogen treated rats did not spend more time exploring in T1 than
vehicle treated rats but spent significantly more time exploring objects in new locations in
T2 while vehicle treated rats did not, p < 0.05. Figure from Scharfman et al, (2007);
reprinted by permission from Blackwell Publishing, Ltd.
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Figure 5. Chronic estrogen treatment increases spine density and enhance place memory
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(A) Spine density is shown in areas of brain from Ovx rats that received vehicle or estradiol
(50 ug/kg) for two days and behavioral tests for object placement or only vehicle and
estradiol treatments. Fifty-two hours after the last estradiol injection and immediately
following object placement testing, subjects were sacrificed. Non-behavior subjects were
sacrificed at the same time after estradiol or vehicle injection. As ANOVA showed no effect
of behavior (F1,23= 0.10, p= 0.75), the treated only and treated + behavior groups were
combined in the graph. * p < 0.05. Data from Monde, Frankfurt and Luine, unpublished.
(B) Object placement data for subjects in (A) is shown. The time spent with objects at the
old (solid bars) and new (open bars) locations is shown. ** p < 0.01. Data from Monde,
Frankfurt and Luine, unpublished.

NIH-PA Author Manuscript
Neuroscience. Author manuscript; available in PMC 2014 June 03.

